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Association of Transcriptionally
Silent Genes with Ikaros Complexes
at Centromeric Heterochromatin
abundant isoforms in mature T and B lymphocytes
(Hahm et al., 1994; Molnar and Georgopoulos, 1994; Sun
et al., 1996). These isoforms contain a set of zinc finger
modules in their amino-terminal domain, which mediate
sequence-specific DNA binding. In addition, all Ikaros
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isoforms contain two carboxy-terminal zinc fingers thatImperial College School of Medicine
are thought to mediate protein±protein interactions (SunHammersmith Hospital
et al., 1996). This region, which includes a Kruppel-likeDu Cane Road
domain, shares homology over approximately 70 aminoLondon W12 0NN
acids with Hunchback, a factor responsible for settingUnited Kingdom
up patterns of gene expression in Drosophila melano-²Howard Hughes Medical Institute
gaster (White and Lehmann, 1986; Struhl et al., 1992).Department of Microbiology and Immunology
To elucidate the function of Ikaros, several Ikaros-UCLA School of Medicine
targeted mouse strains have been engineered and char-Los Angeles, California 90024-1662
acterized. Mice lacking the coding region for the Krup-
pel-like domain of Ikaros (exon 7±deleted mice) lack B
cells and show aberrations in T lymphocyte develop-Summary
ment (Wang et al., 1996). Mice in which the coding re-
gions for the DNA-binding domains of Ikaros are deletedIkaros proteins are required for normal T, B, and NK
(targeting exons 3 and 4) have a more complex pheno-cell development and are postulated to activate lym-
type; hemizygous individuals display lymphoprolifera-phocyte-specific gene expression. Here we examined
tion and succumb to leukemia/lymphoma (Winandy etIkaros distribution in the nucleus of B lymphocytes
al., 1995), whereas homozygous mice lack T, B, andusing confocal microscopy and a novel immunofluo-
natural killer (NK) cells (Georgopoulos et al., 1994).rescence in situ hybridization (immuno-FISH) approach.
These data suggest that DNA-binding isoforms of IkarosUnexpectedly, Ikaros localized to discrete hetero-
are required for the successful development of all lym-chromatin-containing foci in interphase nuclei, which
phocytes and that interactions between the Kruppel-comprise clusters of centromeric DNA as defined by
like domains of different isoformsaffect lymphocytepro-
g-satellite sequences and the abundance of hetero-
liferation.chromatin protein-1 (HP-1). Using locus-specific probes
Much of the previous work aimed at elucidating thefor CD2, CD4, CD8a, CD19, CD45, and l5 genes, we
function of Ikaros proteins has centered on document-show that transcriptionally inactive but not transcrip-
ing the transactivation and protein interaction capacitytionally active genes associate with Ikaros-hetero-
of various Ikaros isoforms using transient CAT and yeastchromatin foci. These findings support a model of or-
two-hybrid assays. Data generated from such approachesganization of the nucleus in which repressed genes
underscore what is functionally possible but may notare selectively recruited into centromeric domains.
necessarily reflect the function of candidate proteins in
intact cells. We have taken a complementary approachIntroduction
to analyze the distribution of the Ikaros protein in situ
within the nucleus of B lymphocytes and in relation to
Ikaros/Lyf-1 was originally described as a transcriptional
Ikaros target genes. Using both conventional immu-
regulator, present in activated lymphocytes, that binds nofluorescence confocal microscopy and a novel im-
to a common DNA consensus sequence within the regu-
muno-FISH approach, we show that Ikaros localizes to
latory elements of the terminal deoxynucleotidyltrans-
heterochromatin foci in the nucleus, is dynamically re-
ferase (TdT) (Lo et al., 1991; Ernst et al., 1993) and CD3d
distributed during the cell cycle, and colocalizes with
genes (Georgopoulos et al., 1992). Similar target se- transcriptionally inactive genes. These data provide
quences have been described within many lymphoid- compelling evidence for the compartmentalization of
associated genes including l5, Vpre-B, Lck, CD8a, transcriptionally silentgenes within the nucleus and also
IL-2R, TCRa, and TCRb (Hambor et al., 1993; Molnar suggest a general model in which genetic domains may
and Georgopoulos, 1994), suggesting that Ikaros may traffic between repressive (centromeric) and transcrip-
be involved in coordinating the expression of an array tionally liberal environments.
of lymphocyte-specific genes. Ikaros proteinsare gener-
ated from multiple, alternatively spliced mRNA species Results
encoded by a single gene (Hahm et al., 1994; Molnar
and Georgopoulos, 1994). The gene comprises seven Punctate Distribution of Ikaros Proteins
exons from which at least six functionally distinct Ikaros in the Nucleus of B Lymphocytes
isoforms have been described. The two largest of these, To investigate the potential role of Ikaros in B cell devel-
Ikaros 1 and Ikaros 2 (LyF-1 isoforms VI and V, respec- opment, the distribution of Ikaros proteins in the nucleus
tively), are present within the nucleus and are the most of B lymphocytes was studied by immunofluorescence
confocal microscopy using two previously character-
ized antibodies raised to nonoverlapping N-terminal and³To whom correspondence should be addressed.
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nucleus. Ikaros foci did not resemble previously charac-
terized nuclear bodies, including coiled bodies (Carmo-
Fonesca et al., 1992), PODs (Koken et al., 1994; Weis
et al., 1994), and spliceosomes (Spector and Smith,
1986) and did not colocalize with structures identified
with antibodies to p80 coilin, PML, and SC35 (data not
shown).
Ikaros Complexes Are Reorganized
during the Cell Cycle
We observed that Ikaros staining was not evident in
dividing cells in which chromosomes were highly con-
densed and was unfocused in cells expressing prolifer-
ating cell nuclear antigen (PCNA; an auxiliary factor of
DNA polymerase d and e that is expressed exclusively
during the S phase of the cell cycle) (Bravo et al., 1987;
Morris and Mathews, 1989). To analyze the possibility
that Ikaros distribution was modulated during the cell
cycle, B cell populations at different phases of the cell
cycle were obtained by counterflow elutriation, charac-
terized by 7-AAD labeling for DNA content, and exam-
ined for Ikaros distribution. Figure 2 shows representa-
tive images of Ikaros distribution in G1-, S- and G2/
M-enriched fractions. G1-phase cells contained 8±12
Ikaros foci per nucleus. These foci appeared to decon-
Figure 1. Intranuclear Distribution of Ikaros and Elf-1 Proteins in B dense into a beaded pattern as cells enter S phase, and
Cells by mid S phase no distinct Ikaros foci remained. In G2,
Confocal Images of B3 cells (b, c, and e) and normal activated Ikaros staining was once more condensed into foci, with
spleen B lymphocytes (d) labeled by immunofluorescence using
each nucleus containing approximately twice (16±20)previously characterized antibodies to N-terminal Ikaros (b and d),
the number of foci observed in G1-phase cells (compareC-terminal Ikaros (c), and Elf-1 (e) (signals shown in green/yellow)
the top left and top right panels of Figure 2). During(Hahm et al., 1994; Ernst et al., 1996). Nuclei were counterstained
with propidium iodide (red). The schematic diagram of Ikaros nuclear chromosome condensation in prophase, Ikaros bright
isoforms 1 and 2 (corresponding to Lyf-VI and -V) is shown in (a) to foci were ªlostº prior to nuclear membrane breakdown
indicate the positions of conserved N-terminal (N) and C-terminal but ªrestoredº late in telophase as daughter cells sepa-
(C) domains used to raise antisera, and zinc finger domains (shown
rate during cytokinesis. At this stage, Ikaros labelingas solid perpendicular boxes).
was faint and appeared centromere associated (Figure
2, lower right panel). Absence of Ikaros labeling during
metaphase may reflect an inaccessibility or modification
C-terminal domains of Ikaros (Hahm et al.,1994) (Figure of epitopes (perhaps during chromosome condensation)
1a). These antibodiesshowed consistent punctate label- rather than bona fide degradation and resynthesis of
ing of the nuclei of pre-B cells (Figures 1b and 1c), ex Ikaros during mitosis.Western blotting analysis of Ikaros
vivo±isolated normal splenic B lymphocytes (Figure 1d), proteins in cell cycle±separated preparations appears
and a mature B cell line (Bal-17, not shown). Foci of consistent with this interpretation since no reduction
intense staining were seen within the nuclei of most in Ikaros content is observed in metaphase-enriched
cells examined and numbered between 8 and 20 per fractions (data not shown). However, the insufficient pu-
nucleus. These foci appeared to represent discrete clus- rity of metaphase cell preparations obtained using con-
ters of intense label, often adopting a cupped appear- ventional G2/M-blocking reagents (colcemid and noco-
ance and seen toward the nuclear periphery in three- dazole) or by elutriation precludes definitive proof of this
dimensional image reconstructions. The nucleoli of cells point.
were excluded from staining, and no staining was ob- To confirm that the changes in Ikaros distribution
served with control fluorescein-conjugated anti-rabbit shown in Figure 2 are representative, preparations of
Ig alone or in combination with irrelevant antisera cells separated by counterflow elutriation were formally
(data not shown). Importantly, the appearance and scored for the number and appearance of Ikaros foci.
distribution of Ikaros foci were similar using a range Observer bias was eliminated by coding the fractions
of different fixatives (paraformaldehyde, methanol, or prior to inspection. As shown in Figure 3 (experiments
glutaraldehyde), indicating that Ikaros clustering was 1 and 2), in fractions enriched for G1-phase cells ( .70%
not an artifact of sample preparation. Furthermore, anti- purity), most B3 cells had characteristically 8±10 Ikaros
bodies directed against a panel of different transcription foci per nucleus (scored as cells with ,15 Ikaros foci
factors (including Sp1, SCL, and Elf-1) did not show per nucleus). Conversely, fractions enriched for G2/M-
similar punctate distributions on parallel samples; in- phase cells (19% in experiment 1 and 49% in experiment
stead, as illustrated for Elf-1 (Figure 1e), these factors 2) contained a corresponding proportion (29% and 56%,
respectively) of cells with 16±24 Ikaros foci per nucleusshowed a diffuse, minutely speckled distribution in the
Inactive Genes at Centromeric Ikaros Complexes
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Figure 2. Ikaros Proteins Are Redistributed in
the Nucleus of B Cells during the Cell Cycle
Confocal images of B3 cells at sequential
phases of the cell cycle (as indicated) labeled
by immunofluorescence with antibodyto Ikaros
(green/yellow). Nuclear DNA was counter-
stained red with propidium iodide, and a yel-
low signal represents Ikaros in close associa-
tion with red-stained DNA. S-phase cells
appeared to express similar levels of Ikaros
as G1-phase cells but distributed as a fine
haze. The contrast of images shown in the
lower panels of the figure was enhanced rela-
tive to those in the upper panels (to assist
photographic representation) and therefore
show slightly elevated backgrounds.
(scored as .15 foci per nucleus). Fractions enriched for Ikaros distribution was preserved (Ikaros foci detected
by immuno-FISH and by conventional immunofluores-S-phase cells showed elevated numbers of nuclei in
which a ªhazedº or beadlike staining by Ikaros antibod- cence were similar). The specificity of the g-satellite
probe for mouse centromeres was confirmed by FISHies was observed. A similar correspondence in the pro-
portion of lymphocytes in G1 with 8±12 Ikaros foci and analysis using conventional metaphase chromosome
preparations. As illustrated in Figure 4d, probes forin G2 with 16±24 foci per nucleus was observed among
normal activated splenic B cell preparations (Figure 3, g-satellite sequences labeled centromeric regions (viewed
as yellow) among typical acrocentric mouse chromo-experiment 3). These data confirm a dynamic reorgani-
zation of Ikaros complexes during lymphocyte division somes (counterstained red by propidium iodide). DAPI
staining of the same preparation is shown in the accom-in which Ikaros foci are numerically doubled between
G1 and G2 phases of the cell cycle. panying panel (Figure 4e) and illustrates the coincidence
of DAPI-bright and g-satellite-labeled centromeric re-
gions. Using the combined immuno-FISH approach, se-Ikaros Localizes to Heterochromatin and Defines
Centromeric Clusters rial optical sections spanning the nucleus of .100 indi-
vidual B3 cell nuclei were examined for Ikaros labelingIn B cell nuclei labeled for Ikaros and counterstained
with DAPI, we observed a surprising coincidence of and g-satellite sequences. Only cells in G1 or G2 phases
of the cell cycle (where Ikaros labeling was focused)Ikaros (Figure 4a) and DAPI staining (Figure 4b). Areas
of intense DAPI represent condensed, heterochromatic were analyzed. In all cells examined, Ikaros staining
colocalized with centromeric regions. As illustrated inDNA. The localization of Ikaros to heterochomatin was
confirmed using antibody to M31, a murine homolog three serial optical sections through a single nucleus
(lower panels of Figure 4, paired images f and g, h andof Drosophila melanogaster heterochromatin protein-1
(HP-1) (Wreggett et al., 1994). As illustrated in Figure 4c, i, and j and k), the nuclear distribution of Ikaros (red) and
g-satellite (green) was consistently overlapping. Closesimultaneous labeling of B3 nuclei with anti-M31 (red)
and anti-Ikaros (green) antibodies revealeda closeasso- examination of these and other images showed that,
although labeled areas were similar when viewed in twociation between M31 and Ikaros in single optical sec-
tions. Consistently we observed that Ikaros and M31 dimensions, the exact positions of maximum-intensity
labeling were slightly different for Ikaros and g-satellitelabeling appear adjacent rather than coincident. These
data suggest that Ikaros proteins surround regions of sequences. These observations raise the possibility that
in real space (three dimensions), Ikarosand centromeresconstitutive heterochromatin within interphase nuclei. A
novel combined immuno-FISH approach (which allows might be interlaced. The small number (8±12 per nuclei)
and clumped appearance of the structures labeled bythe simultaneous detection of DNA and protein within
intact nuclei) was used to show that Ikaros labels clus- g-satellite probe is consistent with previous reports of
centromeric ªclusteringº in interphase cells (Hadlaczkyters of centromeric heterochromatin in the nucleus of B
cells. This approach was originally developed to allow et al., 1986; Haaf and Schmid, 1989, 1991).
the simultaneous detection of alpha satellite sequences
and tubulin and relies on the preservation of nuclear Transcriptionally Inactive Genes Selectively
Localize to Centromeric Ikaros Complexesproteins (Funabicki et al., 1993; Brown et al., 1994;
Brown, 1995). in the Nuclei of B Lymphocytes
We used the immuno-FISH approach to define the posi-In these analyses, centromeric heterochromatin was
identified with an FITC-labeled probe for mouse g-satel- tion of several genes relative to Ikaros-centromere clus-
ters in immature (B3) and mature B cells (Bal-17). Probeslite sequences, and Ikaros proteins were detected using
anti-Ikaros antisera and indirect immuofluorescence. specific for CD2, CD4, CD8a, CD19, CD45, l5 (pretested
by FISH on metaphase preparations) were used to labelConditions for DNA denaturation were chosen such that
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848
Figure 3. Analysis of Ikaros Staining among Cell-Cycle Phase-
Enriched Fractions of Proliferating Cells
Histograms shownin the upper panels illustrate DNA content (7-AAD
intensity profiles) of representative fractions of B3 and activated
spleen B lymphocytes, separated by counterflow elutriation. Gates
used to define the proportions of G1, S, and G2/M-phase cells are
shown and the fraction numbers are indicated (top right). The lower
table shows results comparing the distribution of Ikaros with the
percentage of cells in G1, S, and G2/M (a) among fractions of B3
cells (experiments 1 and 2) and activated spleen B lymphocytes
(experiment 3). Fraction numbers (b) denote samples collected at Figure 4. Ikaros Proteins Localize to Centromeric Heterochromatin
progressively increasing flow rates. The percentage values shown Clusters in the Nucleus of B Cells
in parentheses indicate the proportion of cells in each fraction with Images shown in (a) and (b) compare Ikaros distribution and DAPI-
Ikaros staining patterns; ,15 foci per nucleus, .15 foci per nucleus, staining (respectively) of a single B3 nucleus in which the white
or a beaded/hazed staining pattern, where (c) indicates the number color shown in the confocal image (a) indicates areas of high Ikaros
of individual cells scored per fraction. In these analyses, the propor- (green) signal intensity. Confocal Image (c) shows a single optical
tion of cells with a beaded/hazed Ikaros pattern slightly exceeds section through the nucleus of a B3 cell simultaneously labeled with
the proportion of S-phase cells determined by 7-AAD fluorescence antibody to Ikaros (green) and M31 (red). The close but noncoinci-
since disrupted cells (which mayhave a disseminated Ikaros pattern) dent red and green signals seen illustrated in (c) suggest that Ikaros
are excluded from FACS analyses. proteins cluster around M31-bright areas in the nucleus. (d) shows
FISH of metaphase chromosome spreads of B3 cells with g-satellite
probes, and (e) shows the corresponding DAPI light image; in (d),
B3 and Bal-17 cells in combination with Ikaros antibody g-satellite signal (yellow) is seen selectively at chromosomal centro-
meres, regions that are DNA dense as indicated by intense DAPI-staining. Serial optical sections of between 21 and 88
labeling (e, white). (f) and (g), (h) and (i), and (j) and (k) show pairedindividual intact nuclei were examined systematically to
confocal images of three randomly selected optical sections throughdefine the position of probes corresponding to each
a single B3 nucleus, which had been simultaneously labeled tolocus (shown in green) relative to Ikaros complexes
reveal Ikaros (red signal) and g-satellite (green signal) distribution
(shown in red) (Figure 5). Unexpectedly, we found a using immuno-FISH.
marked correlation between the transcriptional status
of the genes and their position relative to Ikaros com-
plexes in the nucleus. As illustrated in Figure 5 and CD45, a gene that encodes a product common to all
leukocytes, was not associated with Ikaros complexessummarized in Figure 6, transcriptionally silent genes
were selectively associated with Ikaros foci. in either B3 or Bal-17 cells (Figure 6a). In contrast, CD4
and CD8 genes, which are selectively expressed by TThe B cell±specific gene CD19 is expressed by both
B3 cells and Bal-17 cells (Figure 6b, CD19, lanes 3 and cells and not transcribed by either B3 or Bal-17 (com-
pare Figure 6b, lanes 1, 3, and 4), were consistently4) consistent with their B-lymphoid status. In almost all
B3 and Bal-17 nuclei examined (87 of 88 and 21 of associated with or directly abutting Ikaros complexes
(Figures 5c and 5d illustrate results for CD8a). Further-22, respectively), CD19 loci were discrete from Ikaros
clusters in the nucleus (Figures 5a and 5b). Likewise, more, the genes CD2 and l5, which are differentially
Inactive Genes at Centromeric Ikaros Complexes
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examined (49 of 49), CD2 loci were consistently associ-
ated with Ikaros complexes (Figure 5g). In contrast,
among Bal-17 cells (CD2-positive), every nucleus exam-
ined (44 of 44) showed at least one CD2 locus that was
not associated with Ikaros complexes (Figure 5h). These
data consistently show the preferential localization of
transcriptionally inactive loci to Ikaros-centromere clus-
ters. This observation includes loci on different chromo-
somes (l5, CD2, CD4, and CD8a map to mouse chromo-
somes 16, 3, 6, and 6, respectively), which are in different
genetic positions relative to the centromere (CD2 is telo-
meric whereas l5 maps closer to the centromere) (Rod-
erick et al., 1996). The finding that the reciprocal expres-
sion of CD2 and l5 genes by mature and immature B
cells correlates with their spatial proximity to Ikaros-
centromere clusters suggests that genetic domains may
be dynamically sequestered and released from such
clusters during differentiation.
Discussion
A Novel Role for Ikaros in the Biology
of B Lymphocytes?
In this report, we show that the lymphoid-associated
factor Ikaros is localized in discrete foci in the nuclei of
B cells inclose association with centromeric heterochro-
matin. We show a strong correlation between these foci
and the location of transcriptionally inactive genes. Pre-
viously, Ikaros had been shown to be a DNA-binding
protein that recognizes a coremotif (TGGGAA/T) present
in the regulatory elements of a number of lymphoid-
associated genes (Molnar and Georgopoulos, 1994) and
Figure 5. Confocal Images of the Nuclei of B3 and Bal-17 Cells stimulates gene transcription in transient (CAT-based)
Showing that Transcriptionally Inactive Genes Selectively Localize cotransfection assays (Georgopoulos et al., 1992). We
to Centromeric/Ikaros Foci
observed that Ikaros proteins cluster in foci associated
Single optical sections of B3 (left hand panels a, c, e, and g) and
with heterochromatin in the nucleus of normal murineBal-17 (right-hand panels b, d, f, and h) nuclei are shown in which
B lymphocytes and B cell lines, in contrast to the abun-the binding of antibody to N-terminal Ikaros (red signal) and locus-
dant but diffuse distributions seen for transcription fac-specific probes (FITC-labeled) (green), detected by immuno-FISH,
are shown; CD19 (a and b), CD8a (c and d), l5 (e and f), and CD2 tors Sp-1, SCL, and Elf-1. This finding is supported by
(g and h). Nuclei from cells in G1 and G2 phases of the cell cycle recent independent data from Klug and colleagues in
show green signal as single spots or as doublets, respectively. All which immunogold electron microscopy was used to
nuclei were counterstained with DAPI (not shown) to verify nuclear
assess the distribution of Ikaros in two pre-B cell lines;integrity before analysis.
gold particles were preferentially found in heterochro-
matin versus euchromatin at ratios of 2.8 and 2.3 using
N-terminal and C-terminal Ikaros antibodies, respec-
expressed during B cell maturation and therefore selec- tively, compared with a ratio of 0.58 using anti-Elf-1
tively expressed by either B3 or Bal-17 cells, showed a (Klug et al., 1997).
correlation of expression status with Ikaros association: Evidence that Ikaros localizes to centromeric hetero-
Ikaros association was evident only in cells in which the chromatin was indicated by M31 colabeling (Wreggett
genes were not transcribed. For example, l5 is ex- et al., 1994), the colocalization of g-satellite sequences,
pressed by pre-B cells and silenced as cells differentiate and the distinctive labeling pattern of Ikaros in cells
into immunoglobulin secreting mature B cells (Rolink during late stages in mitosis. The observations that
and Melchers, 1993); correspondingly, the pre-B cell line Ikaros proteins are clustered in foci in G1 and G2 phase
B3 express surface l5 and actively transcribe this gene cells, and decondense into a beaded hazed distribution
(Figure 6b, l5, lane 3), whereas mature Bal-17 cells do as cells enter S phase are consistent with immunofluo-
not (Figure 6b, l5, lane 4). The l5 locus was consistently rescent studies of centromere topology; ªnecklace-likeº
seen abutting Ikaros-centromere complexes in Bal-17 arrangements of centromeres have been described in
nuclei (50 of 51) but not B3 nuclei (0 of 59) (Figures methotrexate-blocked S phase cells, which resolve as
5f and 5e, respectively). Conversely, CD2 is selectively cells enter G2 (Haaf and Schmid, 1989). Centromeric
expressed late in B cell ontogeny, being transcribed by localization has been reported for a number of proteins
Bal-17 cells but not immature B3 cells (Figure 6b, CD2, (Earnshaw and Mackay, 1994), including factors such
as CEP1(CPF1) and GAGA factor, which can also act ascompare lanes 3 and 4). In the nuclei of all B3 cells
Cell
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Figure 6. Evidence of the Inverse Correlation
between Gene Expression and Ikaros Associ-
ation
A summary of the association of Ikaros com-
plexes with individual locus specific probes
are in shown in (a). Confocal microscopy was
used to analyze optical sections through indi-
vidual nuclei, and apparent contact between
probe and Ikaros signals was scored as ªas-
sociated.º Routinely, both loci in a nucleus
were examined. The mouse chromosome
designations of individual loci are taken from
Roderick et al., 1996. Analysis of CD2 local-
ization in BAL-17 cells showed that one of
two alleles was not associated with Ikaros
foci (asterisk); this may reflect a monoallelic
expression of CD2 in these cells. Shown in
(b) are representative results of RT-PCR analyses of RNA prepared from B3 and Bal-17, and control RNA prepared from T cells (thymus) and
macrophages (J774). In these analyses, care was taken to ensure an equivalence of cDNA in samples by prior titration of cDNAs in PCR
reactions (using HPRT primers) for linear responses to cDNA concentration.
transcriptional activators in Saccharomyces cerevisiae selectively targeted to centromeric heterochromatin in
and Drosophila, respectively (Biggin and Tjian, 1988; the nucleus of mammalian cells. An elegant study by
McKenzie et al., 1993; Raff et al., 1994). GAGA factor is Sedat and colleagues examining the basis of position
postulated to be involved in chromatin remodeling, is effect variegation (PEV) of alleles of the Drosophila brown
required for nuclear division (Farkas et al., 1994; Raff et gene revealed that this gene was silenced by contact
al., 1994; Moorthi-Bhat et al., 1996), and may bind the with centromeric heterochromatin (Dernburg et al., 1996).
core motif GAGAGAG abundant in centromeric DNA (re- These investigators showed that the brown Dominant (bwD)
viewed by Raff et al., 1994; Granok et al., 1995). Ikaros allele, a null mutation caused by the insertion of a block
binding motifs are rare among mouse centromeric se- of heterochromatin within the coding sequences of the
quences, suggesting that centromeric localization may brown gene, causes the bwD gene to be misdirected
be mediated by protein cofactorsrather than direct inter- and to associate with centromeric heterochromatin.
action with DNA. We have recently shown that Ikaros Moreover, in bw1/bwD larva, as a consequence of ho-
interacts with two Polycomb-group proteins in mouse mologous chromosome pairing, the wild-type allele also
lymphocytes (Brown et al., unpublished data). The dem- localizes to the centromere, providing an explanation
onstration that Polycomb can interact with GAGA factor for the variegated inactivation of the normal bw gene
in binding to heterochromatin-like domains within the (Dernburg et al., 1996; Henikoff, 1996). These data pro-
Ultrabiothorax and abdominal-A genes (Strutt et al., vided primary evidence that the recruitment and physi-
1997) provides a plausible route by whichIkaros proteins cal interaction of a gene with centromeric hetero-
may localize to centromeric domains. This scenario is chromatin can mediate transcriptional repression. Our
attractive since Ikaros shares homology with Hunch- observations raise the possibility that centromere-asso-
back (Georgopoulos et al., 1992; Hahm et al., 1994), ciated silencing is a more widespread feature of normal
a factor implicated in Polycomb recruitment and the (unmodified) genes.
establishment of silencing complexes in Drosophila
(Zhang and Bienz, 1992; Poux et al., 1996). The implica-
tion that Ikaros has a role in transcriptional repression
Evidence That Transcriptional Function
is not necessarily atodds with its previousdescription as
Is Compartmentalized in the Nucleus
a transactivator; similar bipartite functions are proposed
of B cellsfor GAGA and CEP1, and studies exemplified by dorsal
The concept that the nucleus is organized was proposed(dl) at the zen/VRE element in Drosophila (Jiang et al.,
a century ago (Rabl, 1885; Boveri, 1909) and is now1993) establish clear precedents for a context-related
widely accepted (Manuelidis, 1990; Cremer et al., 1993;conversion of transcriptional activators to repressors.
Marshall et al., 1997). Demonstration that RNA tran-
scripts and components involved in RNA synthesis areThe Transcriptional Status of Genes Correlates
spatially restricted in the nucleus (Spector and Smith,with Their Intranuclear Proximity to
1986; Lawrence et al., 1989; Carmo-Fonesca et al., 1991;Centromeric Heterochromatin
Raska et al., 1991; Huang and Spector, 1992; Xing etIn this report, we show that the proximity of six arbitrarily
al., 1993; Zirbel et al., 1993) argue that transcription maychosen lymphoid-associated genes, l5, CD2, CD4, CD8a,
be compartmentalized (reviewed in Cremer et al., 1993;CD19, and CD45, to Ikaros complexes in the nucleus
Strouboulis and Wolffe,1996). Our observation that tran-correlates with their transcriptional status. An inverse
scriptionally active and inactive genes are differentiallycorrelation between Ikaros association and gene ex-
associated with centromeric clusters in the nucleus pro-pression was shown in B cell lines representing different
vides direct evidence of functional compartmentaliza-stages in B cell development. These data, combined with
tion in interphase nuclei. To account for spatial restric-our demonstration that Ikaros marks centromeric DNA,
provide evidence that transcriptionally inactive genes are tion of inactive genes, we propose a model (Figure 7)
Inactive Genes at Centromeric Ikaros Complexes
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In this study, we describe a novel approach that allows
the simultaneous detection of protein and nucleic acid
in intact nuclei. This development is important for two
reasons: first, it allows DNA-binding proteins or cofac-
tors to be visualized at discrete loci, and second, by
defining conditions which preserve Ikaros distribution
in the nucleus (while permitting DNA probe penetration),
it is likely that nuclear proteins, which collectively confer
nuclear structure, are similarly preserved. This preserva-
tion is crucial if chromosome distribution is to remain
intact and reflect the organizational features of in-
terphase nuclei in vivo. Using this approach, we show
that Ikaros proteins localize to centromeric heterochro-
matin in the nucleus and provide compelling evidence
for the spatial compartmentalization of transcriptionally
inactive genes to centromeric, heterochromatin-dense
Figure 7. Model of the Proposed Interchange of a Target Gene be-
areas in B lymphocytes.tween Transcriptionally Repressive and Permissive Enviroments
Individual centromeric clusters, comprising centromere-associated
Experimental Proceduresproteins (such as GAGA and HP-1; closed triangle and closed
square) and centromeric DNA (jagged line; in this example from two
Cell Cultureindividual chromosomes), form transcriptionally repressive microen-
The pre-B cell line B3 was isolated and cloned in our laboratoryvironments (filled areas) within the nucleus. The recruitment of a
from a lymphoma occurring in an IL-7 transgenic mouse (Fisher ettarget gene (solid line) from a transcriptionally permissive environ-
al., 1995). These immature B cells express IL-7 receptors and growment into a repressive context is mediated by candidate recruiter
continuously in culture in Iscove's modified Dulbecco's mediumfactors (open circles) capable of binding to motifs in the target gene
(IMDM) (Gibco) containing 10% FCS and antibiotics. The mature Band centromere-associated proteins. Recruitment may result from
cell line Bal-17 was derived from a BALB/c mouse as previouslythe increased binding of local recruiter factors to the target (shown
described (Kim et al., 1979) and maintained in culture in RPMI1640to the left) and its subsequent sequestration. Alternatively, centro-
media containing 5% FCS. Stimulated B cells derived from themere-bound recruiters may interact with the target following the
spleens of normal mice were used in parallel as a source of primary,displacement of transcription factors (open stars), which formerly
nonimmortalized lymphocytes. Spleens were disrupted to yield sin-rendered the target inaccessible (shown to the right). Dissociation
gle cell suspensions, and mononuclear fractions were recoveredof the target from the centromeric complex may reflect recruiter
using Ficoll gradient separation. Following washing, cells were re-factor turnover, increased expression of competing transcriptional
suspended at a density of 5 3 105 cells/ml in IMDM supplementedactivators, or modifications to the centromeric complex. The model
with 10% FCS, antibiotics, 2 3 1025 M 2-mercaptoethanol, and 1%does not imply that the target gene is necessarily linked to one of
of IL-4-containing supernatant of a stimulated T helper cell linethe centromeres in the participating centromeric complex.
(Axcrona et al., 1996) (a kind gift from Dr. D. Gray). To this was added
25 mg/ml of anti-CD40 (monoclonal antibody FGK45, originally from
Drs. S. J. Anderson and A. Rolink), and splenocytes were incubated
in which a target gene located in a transcriptionally per- for 48±72 hr at 378C.
missive environment is sequestered toa repressiveenvi-
Counter-Flow Elutriationronment (surrounding centromeric clusters) by a hypo-
Cells (2±5 3 108) were harvested and resuspended in 25 ml of coldthetical ªrecruiter.º Recruitment could be initiated by an
RPMI 1640, and placed on ice. The cells were loaded into a J6-MCincreased binding of local recruiter factors to motifs in
centrifuge (Beckman) precooled (48C) 5 ml chamber rotating at 3000
the target gene (as illustrated in the left tomiddle section rpm at a flow rate of 20 ml/min (for B3 cells) or 14 ml/min (for
of Figure 7). Alternatively, centromere-bound recruiters stimulated B cells). After an initial fraction of 200 ml was collected,
may access and interact with target genes (Figure 7, the flow rate was increased in 4 ml/min increments, and 100 ml
fractions were collected at each flow rate and placed on ice. Cellsright) when motifs previously occupied by transcrip-
were harvested by centrifugation, and 1 3 105 cells were stainedtional activators (Figure 7, right) are vacated (Figure 7,
with 7-amino actinomycin D (7-AAD) to determine the cell cyclemiddle). In this simplistic model, a centromeric-recruiter
profiles of each fraction.
could respond to declining transcriptional activity at the
target rather than directly mediating transcriptional si- 7-AAD Staining
lencing. This was performed essentially according to Schmid et al. (1991),
but volumes were reduced to allow the assay to be performed inIkaros, by virtue of its centromeric localization and
96-well microtitre plates. In brief, 1±2 3 105 cells were washed twicecapacity to bind lymphoid-associated genes, is an at-
in PBS and fixed in 50 ml of 0.25% paraformaldehyde in PBS andtractive candidate recruiter. In this scenario, the com-
incubated for 1 hr at 48C. After centrifugation, at 250 g for 5 min,plex pertubations in lymphoid development seen in
cells were resuspended in 100 ml of 0.2% Tween 20 in PBS and
Ikaros-targeted mice (Georgopoulos et al., 1994; Wang incubated for 15 min at 378C. After washing in PBS containing 0.2%
et al., 1996) might result from the inadequate repression BSA, cells were incubated in PBS containing 7-AAD (25 mg/ml) for
30 min, washed, and analyzed (.5 3 104 events/sample) using a(derepression) of specific genes that are normally inac-
FACscan (Becton Dickinson). Cellular debris and doublets were ex-tive. It is interesting to speculate that an abundance of
cluded from analysis of the basis of forward and side scatter, and bymutated Ikaros proteins that no longer bind DNA (such
using the Becton Doublet discrimination package. Gates denotingas those predicted in exon 3,4±targeted mice) interferes
7-AAD intensity of G1 cells were established as the predominant
with centromeric recruitment, providing a plausible ex- fluorescence peak in unseparated populations of cells. G2/M gates
planation for the dominant mutation effects seen in were calculated and set at twice this value, with intermediate popu-
lations assigned as S phase.hemizygous mice (Winandy et al., 1995).
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Antibodies and Immunofluorescence (EGS) in PBS for 30 min 378C to allow postfixation cross-linking of
protein. Cells were incubated for 1 hr with RNAse (100 mg/ml in 23The pre-B cell status of B3 cells (CD451, CD191, l51, sIgG2, CD42,
CD82, and CD22) and the mature B cell status of Bal-17 cells (CD451, SSC), washed in PBS, and the chromosomal DNA denatured by
placing the coverslips on 100 ml drops of 0.1 M NaOH for 2 min andCD191, l52, sIgG1, CD42, CD82, and CD21) were confirmed by
surface immunofluorescence labeling using standard techniques rinsing immediately in ice-cold PBS prior to applying DNA probes.
Hybridization was performed overnight at 388C±408Cin humid cham-(Fisher et al., 1995) with fluorochrome-labeled antibodies recogniz-
ing murine CD45 (M1/93), CD19 (ID3), l5 (LM34, from Prof. F. Mel- bers, and the binding of probe was revealed using sheep anti-dioxi-
genin-FITC (Boehringer Mannheim) and amplified using rabbit anti-chers), mouse immunoglobulins (Jackson Immunochemicals), CD4
(L3T4), CD8 (Ly-2), and CD2 (12.15, from Dr. M. Owen). sheep IgG-FITC (Vector Laboratories) by standard methods (Buckle
and Rack, 1993).For conventional confocal analysis, cells were attached to glass
coverslips using poly-L-lysine (0.01%), fixed for 1 min in methanol Cells were examined using a Leica confocal microscope. Optical
sections were collected at 0.1±0.5 mm steps through individual nu-on dry ice, then further permeabilized with 0.5% saponin in PBS.
After 10 min in blocking buffer (5% fetal calf serum; 5% normal clei for analysis. Smaller steps between optical sections were em-
ployed when studying individual Ikaros clusters at high resolutiongoat serum in PBS), cells were incubated with primary antibodies
appropriately diluted in wash buffer (0.5% saponin in PBS) for 30 (10,000±12,0003 magnification) to allow oversampling (collection of
all information within a relatively small sector of the nucleus con-min in a humid chamber. Following three consecutive three-minute
washes in 0.5% saponin/PBS, cells were incubated for a further taining the signal). All analysis of genetic loci (green, FITC-labeled)
and Ikaros complexes (Texas-red labeled) were performed on un-30 min with fluorochrome-conjugated secondary antibodies. Slides
were washed twice (3 min/wash) in 0.5% saponin/PBS and once manipulated data. For photographic display, the contrast of confo-
cal images was slightly enhanced using Photoshop to highlight thewith PBS, before mounting in Vector shield containing 0.5 mg/ml
propidium iodide and/or DAPI. Mouse antibodies to proliferating main features visible in each nucleus and to clearly differentiate
Ikaros and DNA-associated signals.cell nuclear antigen (PCNA) (clone PC10), Splicing Factor SC-35
(clone SC-35), heterochromatin protein-1 (anti-M31, clone MAC353
from Dr. P. Singh), and rabbit antisera to C-terminal and N-terminal
Analysis of Gene Expression Using RT-PCRIkaros (Hahm et al., 1994), Sp1 (Briggs et al., 1986) (from Dr. S.
Total RNA was prepared from B3, Bal-17, and J774 cells (a mouseJackson), SCL (Robb et al., 1996) (from Dr. A. Green), Elf-1 (Ernst
macrophage cell line (Ralph et al., 1975), or from ex vivo C57BL/6et al., 1996), PML (from Prof. P. Chambon and C. Egaly), and p80
thymocytes using TRIzoltm according to the manufacturers instruc-coilin (from Dr. K. Bohman) were used. In single color immunofluo-
tions (Gibco). RNA was treated with DNAse I prior to cDNA synthesis.rescence studies, the binding of primary mouse or rabbit antibodies
PCR amplification for HPRT, CD4, and CD8 was essentially similar towas visualized using FITC-coupled affinity-purified goat anti-mouse
that described previously (Merkenschlager et al., 1997) and yieldedIgG (H 1 L) and goat anti-rabbit IgG (H 1 L) F(ab)2, respectively
predicted fragments of 702, 502, and 427 bp, respectively. PCR(Jackson Immunochemicals). Dual-color staining employed appro-
amplification of CD19, CD2, andl5 was performed ina 20 ml reactionpriate species-specific reagents in which specificity was verified in
volume using 25 ng of each primer, 35 cycles, and a 608C annealingcontrol stainings.
temperature to generate predicted products of 679, 488, and 738
bp, respectively.
Probes for In Situ Hybridization
CD19 59 primer: GAATGACTGACCCCGCCAGG
Digoxigenin-labeled mouse chromosomal probes were prepared by
CD19 39 primer: GAGTCACGTGGTTCCCCAAGT
nick translation using standard approaches(Buckle andRack, 1993).
CD2 59 primer: CGATAAACCCGGTCAGCAAGGAGT
Plasmid containing eight copies of repetitive g-satellite sequences
CD2 39 primer: ATTAGGGGGCGGCAGTGAAACA
and l5-specific probes were gifts from Dr. N. Dillon; l5 probe was
l5 59 primer: TGAAGCTCAGAGTAGGACAG
generated from cosmid clone l5 3.1, which contains a 32 kb genomic
l5 39 primer: AAAGACAGTGAGATGGTTAATGGGA
insert spanning both the l5 and Vpre-B1 loci (Sabbattini, Georgio
and Dillon, in preparation). Probes for mouse CD8a (Ly-2) and CD2
loci were prepared from cosmids CD8a-1 and mCD2cos4 (from Dr. Acknowledgments
D. Kioussis) and contain 31 kb (BamHI-BamHI) and 35 kb (EcoRI-
BamHI) genomic fragments spanning each locus, respectively The authors would like to thank their colleagues for generously
(Hostert et al., 1997; and Kioussis, unpublished). CD19-specific donating reagents: Drs. N. Brockdorff, N. Dillon, and J. Boyes for
probe was prepared from pCD19.4X, a genomic clone spanning critical reading of the manuscript, and Drs. D. Graf, A. Coley, C.
exons 1±13 of the murine CD19 locus (Zhou et al., 1992), and was Klug, M. Djabali, M. Santibanez-Koref, B. Brophy, and C. Sinclair
a gift from Dr. J.Roes. CD45 probe was generated from plasmid Ly-5 for help, discussions and/or communicating unpublished results.
clone 7, which contains an 8 kb (EcoRI-EcoRI) genomic fragment Mr G. Reed and R. Newton are thanked for photographic assistance.
spanning exons 4±11 of the Ly-5 locus (Saga et al., 1988; Byth et This work was supported by the Medical Research Council, UK.
al., 1996) and was a gift from Dr. N. Holmes. A 10 kb (SalI-SalI) K. H. and S. T. S are recipients of PHS grants NRSA GM-07104 and
genomic fragment of the mouse CD4 (L3T4) locus derived from DK43726, respectively.
p79.3.1 was kindly provided by Dr. A Rahemtulla.
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In situ hybridization to chromosomes in whole cells was modified
from protocols developed by Funabicki and colleagues (Funabicki References
et al., 1993) and Brown and colleagues (Brown et al., 1994; Brown,
1995) to include an initial step in which proteins (recognized by Axcrona, K., Gray, D., and Leanderson, T. (1996). Regulation of B
antibodies) are detected and preserved. In brief, cells were attached cell growth and differentiation via CD21 and CD40. Eur. J. Immunol.
to glass coverslips using poly-L-lysine, fixed for 30 min with fixation 26, 2203±2207.
permeabilization buffer (20 mM KH2PO4, 130 mM NaCl, 20 mM KCl, Biggin, M.D., and Tjian, R. (1988). Transcription factors that activate10 mM EGTA, 20 mM MgCl2, O.1% [v/v] Triton X-100, and 0.5% [v/ the Ultrabithorax promoter in developmentally staged extracts. Cellv] glutaraldehyde [Sigma, grade 1, 70% aqueous]), and washed
53, 699±711.three times in PBS and twice (15 mins/wash) with sodium borohy-
Boveri, T. (1909). Die Blastomerenkerne von Ascaris megalocephaladride solution (1 mg/ml prepared freshly in water). The samples were
und die Theorie der ChromosomenindividualitaÈ t. Arch. Zellfor-sequentially incubated with 5% goat serum/5% FCS, anti-Ikaros
schung 3, 181.antisera (1/100) and Texas-Red coupledanti-rabbit Ig (with interven-
ing washes in PBS), according to standard imunofluorescence pro- Bravo, R., Frank, R., Blundell, P.A., and Macdonald Bravo, H. (1987).
Cyclin/PCNA is the auxiliary protein of DNA polymerase-d. Naturetocols. Thereafter cells were kept in the dark, washed and incubated
with a 50 mM solution of ethylene glycol bis (succinimidyl succinate) 326, 515±517.
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